Chlorinated phenols are a kind of environmental priority pollutant that attract much attention. 
INTRODUCTION
Chlorophenols, which are bioaccumulative, refractory and carcinogenic, are recognized as environmental priority control pollutants (Squillace et al. ) . Because of extensive bactericidal and insecticidal effects, chlorophenols have been widely used as insecticides, disinfectants and preservatives. In addition, chlorophenols are a class of aromatic compounds with high water solubility, and the adsorption and fixation of chlorophenols in soil is weak, so chlorophenols can spread widely into the environment with water as the carrier (Droste et al. ) . The effective treatment of chlorophenols is an important issue to be solved.
Because of the special interface, physical and chemical properties, zero-valent iron nanoparticles (ZVI NPs) can transform a variety of environmental pollutants effectively.
As a result, ZVI NPs can be used for in situ or ex situ remediation of groundwater pollution. In recent years, ZVI NPs have been extensively studied and applied in the field of environmental remediation and pollution control. Based on the current study, various pollutants including chlorinated organic compounds, heavy metals, nitrate, dyes, radionuclides, phosphate, and sulphion can be removed by ZVI NPs (Cheng et In addition, ZVI NPs can also remove the disinfection byproducts of drinking water including bromate effectively (Lim et al. ) .
However, ZVI NPs still have some disadvantages. For example, ZVI NPs can be easily oxidized, which will decrease the reactivity of ZVI NPs. The dechlorination process of some chlorinated organic compounds is slow, and other toxic chlorinated byproducts will be produced. Studies have shown that the degradation rate of pollutants can be improved when a second metal (usually an inert metal) is introduced into the ZVI NP system, and some organic pollutants which are refractory in the ZVI NP system can be degraded effectively (Smuleac et al. ) . Subsequently, bimetal systems have been widely studied to achieve rapid 
METHODS Preparation and characterization of nanomaterials
The ZVI NPs were prepared with a chemical reduction 
The prepared ZVI NPs were rinsed with deionized water, and were then dried in a vacuum drying oven (DZ-1 BC, Tianjin Taisite Instrument Co. Ltd).
Ni nanomaterials were synthesized using polyvinyl pyrro- 
Experimental methods
Taking reagent bottles (18 mL) with rubber plugs as reactors, German DIONEX Company). The eluent consisted of 3.5 mmol·L À1 Na 2 CO 3 and 1.0 mmol·L À1 NaHCO 3 , the volume flow rate was 1.2 mL·min À1 , and manual sampling; the sampling volume was 250 μL, the analysis time was 6 min. Deionized water was taken as blank.
All of the samples were filtered with 0.45 μm microporous membranes.
RESULTS AND DISCUSSION
The structure and morphology of the nanomaterials Through XRD analysis, the peaks of the XRD spectra of synthesized ZVI NPs corresponded to the diffraction peak of the Fe (110) face and (211) face (JPDS#06-0696), and the diffraction peak of iron oxide was not detected in the XRD spectra, which indicated the prepared ZVI NPs were not oxidized obviously. The SEM image (Figure 1(a) ) showed that the ZVI NPs were spherical, and the diameters of the particles were <100 nm and were relatively uniform. The agglomeration of some particles may be caused by the surface effect of ultrafine particles and the magnetic action of ZVI NPs.
All the diffraction peaks of the prepared Ni nanomaterials corresponded to the face-centered cubic structure of pure Ni (JCPDS 04-0850). The apparent morphology of the three kinds of Ni nanomaterials was displayed as Ni nanochains (Figure 1(b) ), tubular porous Ni (Figure 1(c)) and Ni with net shape (Figure 1(d) ), respectively.
The removal of PCP and Cl À release
The removal rate of PCP and the relative concentrations of removal process of PCP in the Fe/Ni system reaching a balance quickly, but the removal rate was lower after adding nano-Ni into the nano-Fe system. Cheng & Reinhard () have studied the effect of zeolites on 2,2-dichloropropane (2,2-DCP), and they found that the adsorption of hydrophobic zeolite pores on 2,2-DCP obviously inhibited the dechlorination process of 2,2-DCP, and they considered that the inhibition was the result of lacking the solvation effects of water.
In this paper, although the removal rate of PCP in the mixed system was lower than that in the nano-Fe system and remained basically unchanged, the concentration of 
Intermediates analysis
In order to further investigate the effect of Ni nanomaterials on the dechlorination process, the intermediates in the PCP degradation process were also analyzed. MS spectra showed that chlorophenols with different numbers of chlorine atoms existed in the PCP degradation process, among which the accumulation of dichlorophenols was the highest, followed by monochlorophenols. In the ZVI NP system and nanoFe/Ni mixed system (taking Ni nanochains as an example) the solutions after reaction were analyzed with HPLC, and three kinds of monochlorophenols were detected ( Figures 5   and 6 ). Phenol was also detected in the nano-Fe/Ni system.
The concentration of several monochlorophenols in the mixed system was higher than that in the ZVI NP system. This indicated that the dechlorination process was dominant in the mixed system, which is consistent with the release of Cl À mentioned above. The concentration fluctuation of these monochlorophenols in the ZVI NP system and nano-Fe/Ni system showed that these monochlorophenols were not the final products and would be degraded continually. However, in the nanoFe/Ni system, the 'wave peak' of chlorophenol concentration was delayed, which resulted from the effect of Ni on the PCP degradation process. Although phenol showed a tendency of slow growth in the nano-Fe/Ni system, it was not the final product, which had been proved in our related study (Cheng et al. ) . The concentration of three kinds of chlorophenols showed the pattern 2-CP > 4-CP > 3-CP in both systems, which indicated more accumulation of 2-CP in the systems.
Transformation of nanomaterials
The particles after the reaction were examined with XRD.
As shown in Figure 
